All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Classical bovine spongiform encephalopathy (C-BSE) is a prion disease of cattle, first described in 1986 \[[@pone.0206505.ref001], [@pone.0206505.ref002]\], and identified by subsequent epidemiological studies as an extended common source epidemic linked to meat and bone meal in cattle feed following changes to rendering practices \[[@pone.0206505.ref003]\]. An EU-wide total ban on the use of meat and bone meal as a feed supplement followed, and specified risk material was removed from slaughtered cattle (Regulation EC No. 999/2001). Additionally, systematic active surveillance for transmissible spongiform encephalopathy (TSE) in cattle and small ruminants was introduced across the EU. This intensive scrutiny led to atypical forms of BSE being identified in cattle. These atypical forms are commonly referred to as H-BSE and L-BSE based on the higher or lower molecular mass of their nongycosylated fragments in Western blots \[[@pone.0206505.ref004]\]. First reported in France (H-BSE) \[[@pone.0206505.ref005]\] and Italy (L-BSE) \[[@pone.0206505.ref006]\], atypical BSE was identified in other countries in Europe as well as in Japan, the US, Canada and Brazil \[[@pone.0206505.ref007], [@pone.0206505.ref008]\]. Atypical BSE occurs sporadically and it has been hypothesised that cases may arise spontaneously, as may have been the case initially for C-BSE. To date, C-BSE is the only prion disease of animal origin confirmed to be zoonotic, giving rise to variant Creutzfeldt Jakob Disease in humans \[[@pone.0206505.ref009]--[@pone.0206505.ref011]\]. However, under experimental circumstances, both atypical BSE types (H-BSE and L-BSE) are transmissible to a range of species, therefore a hypothetical risk to the food and feed chains remains. Transmission experiments to (transgenic) mice \[[@pone.0206505.ref012]--[@pone.0206505.ref016]\], sheep \[[@pone.0206505.ref017], [@pone.0206505.ref018]\] and primates \[[@pone.0206505.ref019]--[@pone.0206505.ref021]\] have been carried out to improve understanding of species barriers and to determine phenotypes. Mouse transmission studies have shown that both H- and L-BSE can acquire properties indistinguishable from C-BSE \[[@pone.0206505.ref015], [@pone.0206505.ref016], [@pone.0206505.ref022]\]. L-BSE is more rapidly transmissible to primates than C-BSE \[[@pone.0206505.ref019], [@pone.0206505.ref021]\] and to humanised mouse models with less of a transmission barrier than C-BSE \[[@pone.0206505.ref014]\], suggestive of a higher zoonotic potential for L-BSE compared to C-BSE. Experimental transmission of L-BSE to sheep has been achieved and, unlike C-BSE in sheep, it presents as a novel TSE phenotype in sheep with regard to both neuropathology and clinical signs \[[@pone.0206505.ref018]\]. While the zoonotic potential of this novel TSE phenotype has not been established, the precautionary principle entails that the current measures to protect the food chain from TSEs need to be maintained indefinitely \[[@pone.0206505.ref023]\].

The misfolded prion protein, PrP^Sc^, is considered causative of prion disease and remains its most reliable diagnostic marker. The prion hypothesis connects the molecular entity of the misfolded PrP protein with the strain, changes in PrP^Sc^ conformation point to changes in biological properties of a TSE, and vice versa \[[@pone.0206505.ref024]--[@pone.0206505.ref027]\]. Different forms of TSE are associated with different conformers of PrP^Sc^. Characterisation of atypical BSE by Western blot (WB) analysis of the associated PrP^Sc^ has provided a classification into two overall types, which are described in relation to C-BSE. WB analysis of C-BSE produces a characteristic three-band pattern of proteinase-K treated PrP^Sc^ (PrP^res^), where the band with the lowest molecular mass (MM), approximately 19 kDa, corresponds to the nonglycosylated isoform, the second band to the two monoglycosylated isoforms and the third band to the diglycosylated isoform. The nonglycosylated PrP^res^ band for L-BSE is found to migrate to a slightly lower MM than for C-BSE and, like C-BSE, lacks reactivity with "Group A" \[[@pone.0206505.ref028], [@pone.0206505.ref029]\] monoclonal antibodies such as 12B2 and P4, the epitopes of which are just N-terminal to the WNK sequence (residues 102--105 for 5 octarepeats as analogous to ovine PrP) \[[@pone.0206505.ref004]\]. The nonglycosylated PrP^res^ band for H-BSE is found to migrate to a slightly higher MM than for C-BSE, and does show reactivity with "Group A" antibodies. Additionally, atypical BSEs can be biochemically distinguished from C-BSE by differences in the relative abundance of the three glycoforms bands, where the relative abundance of the diglycosylated band is higher for C-BSE compared to either H-BSE \[[@pone.0206505.ref005]\] or L-BSE \[[@pone.0206505.ref006]\]. Finally, H-BSE reveals an additional 3-band pattern at lower MM, where the nonglycosylated runs at approx. 14 kDa, when detected with a "Group C" monoclonal antibody such as SAF84 (epitope RPVDQY) or 94B4 (epitope HTVTTTTK) \[[@pone.0206505.ref028], [@pone.0206505.ref029]\].

The enhanced resolution provided by mass spectrometry (MS) has the potential to provide an even better insight into prion conformational differences than already achieved with WB. MS has been previously used to detect differences between prions from different strains \[[@pone.0206505.ref030]--[@pone.0206505.ref032]\] and at APHA we have developed an assay using the MS based detection technique "multiple Selected Reaction Monitoring" (mSRM) to study the diversity of ovine prions \[[@pone.0206505.ref033]--[@pone.0206505.ref035]\]. Application of mSRM to PrP^res^ marker peptides prepared from brain samples allows the detection and quantification of different N-terminal cleavage sites. Together these provide a high resolution N-terminal amino acid profile (N-TAAP) of the "ragged" N-terminus of PrP^res^ from a given sample. Comparing the N-TAAPs of samples from different TSEs can in principle reveal more subtle differences than can be resolved by WB. Similar analysis of fully tryptic peptides from the protease resistant part of PrP^Sc^ can enhance insight into its structural properties. Here we report the development of such a bovine PrP^res^ peptide assay as well as its application to identify differences between the N-TAAPs as well as tryptic peptide profiles of C-, H- and L-BSE prions from cattle and from transgenic mouse lines expressing the bovine (Tg bov) and or ovine (Tg ov) prion protein gene, and of C- and L-BSE from sheep.

Methods {#sec002}
=======

Samples {#sec003}
-------

Frozen brain tissue samples from cattle, sheep and mice naturally or experimentally infected with TSEs were obtained from the Animal and Plant Health Agency (AHPA) archives. A diagnosis of TSE was confirmed by detection of vacuolation and detection of abnormal prion protein by immunohistochemistry and Western blotting. Brain samples were collected post-mortem and stored at --80°C prior to use for mass spectrometry.

An overview of the provenance of samples used in this study is given in [Table 1](#pone.0206505.t001){ref-type="table"}. Brain stem samples from natural C-BSE (n = 10) were obtained from United Kingdom (UK) field surveillance activities. Brain stem samples from experimental C-BSE cases (n = 4) were primary passages following oral administration of inoculum SE1736 (BBP1) to cattle \[[@pone.0206505.ref036]\]. Brain stem from four experimental H-type (designated H1-4) and 2 L-type (L2 and L4) bovine BSE cases originated from primary passage by intracerebral challenge, as described previously \[[@pone.0206505.ref037]\]. Two further experimental L-type BSE samples (L5 and L6) resulted from secondary passage, also described previously \[[@pone.0206505.ref038]\]. Four samples of ovine L-BSE brain stem were obtained from four animals challenged with the same inoculum used to produce bovine L-BSE described above \[[@pone.0206505.ref018]\]. The ovine C-BSE sample was obtained by oral transmission of 5g cattle BSE homogenate \[[@pone.0206505.ref039]\] and the ovine CH1641 sample by intracerebral inoculation of the sequentially passaged CH1641 isolate \[[@pone.0206505.ref033]\].
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###### Provenance of samples included in this study.

![](pone.0206505.t001){#pone.0206505.t001g}

  Sample ref.   TSE                                                                                                             Host[\*](#t001fn001){ref-type="table-fn"}                                                                       Transmission route (amount)                                                                                     Inoculum                                                                                                        Figure                                                                                                          Reference
  ------------- --------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------- ----------------------------------------------------
  2125/03       C-BSE                                                                                                           Cattle                                                                                                          Natural                                                                                                         n/a                                                                                                             \-                                                                                                              
  0401/04                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  1093/02                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  914/07                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  0864/04                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  02/00921                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      
  0351/04                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  06/06990      [Fig 2](#pone.0206505.g002){ref-type="fig"} & [S3 Fig](#pone.0206505.s003){ref-type="supplementary-material"}   \[[@pone.0206505.ref036]\]                                                                                                                                                                                                                                                                                                                                                                                                                                      
  1643/97                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  1339/96                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  022/02        OD (100g)                                                                                                       SE1736 (BBP1)                                                                                                   \-                                                                                                                                                                                                                                                                                                                                              
  026/02        OD (100g)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  969/04        OD (1g)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  298/05        OD (1g)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  H1            H-BSE                                                                                                           IC (1ml 10%)                                                                                                    French H-type ESB-H-07-0644                                                                                     [Fig 3](#pone.0206505.g003){ref-type="fig"} & [S4 Fig](#pone.0206505.s004){ref-type="supplementary-material"}   \[[@pone.0206505.ref037]\]                                                                                      
  H2                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  H3                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  H4                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  L2            L-BSE                                                                                                           BP12 (Italian L-type case 141387/02)                                                                            [Fig 3](#pone.0206505.g003){ref-type="fig"} & [S4 Fig](#pone.0206505.s004){ref-type="supplementary-material"}   \[[@pone.0206505.ref037]\]                                                                                                                                                                                                      
  L4                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  L5            BP24 (L1)                                                                                                       [Fig 3](#pone.0206505.g003){ref-type="fig"} & [S4 Fig](#pone.0206505.s004){ref-type="supplementary-material"}   \[[@pone.0206505.ref038]\]                                                                                                                                                                                                                                                                                                                      
  L6            BP25 (L4)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  456/11        ALRQ/VRQ                                                                                                        BP12 (Italian L-type case 141387/02)                                                                            [Fig 7](#pone.0206505.g007){ref-type="fig"} & [S8 Fig](#pone.0206505.s008){ref-type="supplementary-material"}   \[[@pone.0206505.ref018]\]                                                                                                                                                                                                      
  140/11        ALRQ/VRQ                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
  267/11        VRQ/VRQ                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                         
  457/11        AFRQ/AFRQ                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       
  M1            C-BSE                                                                                                           Tg110                                                                                                           IC (20μl 10%)                                                                                                   SE1867/18 (UK C-BSE 05/00094)                                                                                   [Fig 4](#pone.0206505.g004){ref-type="fig"} & [S5 Fig](#pone.0206505.s005){ref-type="supplementary-material"}   
  M2                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  M3            Tg1896                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
  M4                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  M13           TgEM16                                                                                                          [S9 Fig](#pone.0206505.s009){ref-type="supplementary-material"}                                                                                                                                                                                                                                                                                                                                                                                                 
  M14                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  M5            H-BSE                                                                                                           Tg110                                                                                                           SE2014/63 (UK H-BSE 09/00015)                                                                                   [Fig 5](#pone.0206505.g005){ref-type="fig"} & [S6 Fig](#pone.0206505.s006){ref-type="supplementary-material"}   \[[@pone.0206505.ref040]\][\*\*](#t001fn002){ref-type="table-fn"}                                               
  M6                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            
  M7            Tg1896                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
  M15           TgEM16                                                                                                          [S9 Fig](#pone.0206505.s009){ref-type="supplementary-material"}                                                                                                                                                                                                                                                                                                                                                                                                 
  M16                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  M9            L-BSE                                                                                                           Tg110                                                                                                           SE2014/62 (UK L-BSE 11/00008)                                                                                   [Fig 6](#pone.0206505.g006){ref-type="fig"} & [S7 Fig](#pone.0206505.s007){ref-type="supplementary-material"}   \[[@pone.0206505.ref041]\][\*\*](#t001fn002){ref-type="table-fn"}                                               
  M10                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  M11           Tg1896                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          
  M12                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  M17           TgEM16                                                                                                          [S9 Fig](#pone.0206505.s009){ref-type="supplementary-material"}                                                                                                                                                                                                                                                                                                                                                                                                 
  M18                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                           
  822/09        AHQ/AHQ                                                                                                         OD                                                                                                              BBP1                                                                                                            [S9 Fig](#pone.0206505.s009){ref-type="supplementary-material"}                                                 \[[@pone.0206505.ref035], [@pone.0206505.ref039]\]                                                              
  851/05        CH1641                                                                                                          AHQ/AHQ                                                                                                         IC                                                                                                              CH1641-VLA1                                                                                                     [S9 Fig](#pone.0206505.s009){ref-type="supplementary-material"}                                                 \[[@pone.0206505.ref033], [@pone.0206505.ref035]\]

\* Ovine host if only genotype (136 A/V, 154R/H, (141L/F), 171Q/H) is given. 141L/F is specified only in the context of the 136A 154R 171Q allele, to which this variant is exclusive.

\*\* These publications relate to the inoculum source only

Whole mouse brain homogenates were prepared following the transmissions of C-, H- and L-BSE to two lines of Tg bov mice, Tg110 \[[@pone.0206505.ref042]\] and Tg1896 (Defra project SE1753, \[[@pone.0206505.ref043]\]), and one line of Tg ov mice, TgEM16 (A^136^H^154^Q^171^) \[[@pone.0206505.ref044]\], as part of larger bioassay studies (Defra projects SE1867 and SE2014). Western blot analysis to confirm diagnosis was carried out using Sha31 and SAF84 antibodies ([S1 Fig](#pone.0206505.s001){ref-type="supplementary-material"}). In most cases 200--300 mg tissue fractions were used for the preparation of duplicate tryptic digests for analysis by mass spectrometry, except for L-BSE in Tg110, where approx. 100 mg was used.

Animal studies {#sec004}
--------------

Cattle and sheep were inoculated intracerebrally or orally in the context of previous studies, as described elsewhere \[[@pone.0206505.ref018], [@pone.0206505.ref033], [@pone.0206505.ref036]--[@pone.0206505.ref038]\]. Mice were inoculated intracerebrally with 20 μl of TSE inoculum prepared from single-brain material at 10% (w/v) in saline as described previously \[[@pone.0206505.ref045]\]. All animal procedures were conducted in accordance with the UK Animal (Scientific Procedures) Act 1986 under license from the Government Home Office (Project Licence numbers 70/6781, and 70/7167 and 70/6892, for ruminant and murine procedures, respectively). Such licences are only granted following approval by the internal Animal and Plant Health Agency (APHA) ethical review process as mandated by the Home Office.

Sample processing for analysis by mass spectrometry {#sec005}
---------------------------------------------------

All samples were prepared and processed in our laboratories at UK Advisory Committee for Dangerous Pathogens Containment Level 3 with derogation for TSEs.

All chemicals were of reagent grade or better and obtained from Sigma-Aldrich unless otherwise stated. Brain tissues were weighed and individually ground in a sample homogenizer (Bio-Rad) at 6.5 Hz for a 45 s cycle, to a 20% homogenate in 10% N-lauroyl sarcosinate in 0.01 M PBS pH 7.4 (BLB) containing protease inhibitor (cOmplete ULTRA tablets, Mini, EDTA free, Roche Diagnostics). Subsequently, homogenates were diluted to 10% by addition of further BLB. For the study where data from 350 and 1000 mg C-BSE tissue quantities were compared, 10% homogenates were prepared directly using an Omni homogenizer. The 10% homogenates were first centrifuged at 17,000 g for 2 min; subsequently the supernatant was selected and centrifuged at 338,000 g for 30 min. The resulting pellets were suspended in water (200 μl) to which 15% KI in 0.01 M Tris-HCl (pH 7.4) containing 1.5% sodium thiosulfate and 1% N-lauroyl sarcosinate (400 μl) was added. At this point, suspensions were divided into 2x300 μl aliquots which were processed and analyzed in parallel. To each 300 μl aliquot, 12 μl Proteinase K solution (39 units/mg, 1 mg/ml in water) was added. Following incubation at 37°C for 30 min under agitation (Thermoshaker, 1000 rpm), 12 μl Pefablock solution (3 mg/ml) was added to stop the reaction. This solution containing PrP^res^ was processed further by addition of 325 μl of a 1-propanol/1-butanol (1/1) mixture, following which suspensions were vortex-mixed and centrifuged at 24,000 g for 30 min. Pellets were suspended in water (100 μl), 1 M NaCl was added (900 μl), then suspensions were vortex-mixed and centrifuged for 10 min at 15,000 g. Where parallel analysis by Western blotting was carried out, pellets were suspended in water (40 μl), an aliquot was taken for Western blot analysis (20 μl), and more water (80 μl) was added to the remaining suspensions. To all 100 μl suspensions, 1 M NaCl was added (900 μl), then suspensions were vortex-mixed and centrifuged for 10 min at 15,000 g.

The resulting pellets were solubilized in guanidine hydrochloride (GuHCl, 100 μl, 6M in 50 mM Tris, pH 8.0), PrP^res^ in the pellets was reduced with 2mM 1,4-dithioerythritol at 95°C for 20 min and alkylated with 4-vinylpyridine (10% in water, 10 μl) for 10 min at ambient temperature. Insoluble material was discarded following centrifugation (2 min, 11,000 g) and protein was isolated from the supernatant following precipitation with cold methanol (900 μl, -20°C) maintaining -20°C overnight before centrifugation at 10,000 g for 10 min at -4°C. The supernatant was discarded and the pellet resuspended in cold methanol (100 μl, -20°C), centrifuged at 10,000 g for 2 min at -4°C and after discarding of the supernatant the pellet was allowed to dry at ambient temperature for 20 min. The pellet was suspended in 10 μl freshly prepared urea (9M). Subsequently 10 μl of a buffer consisting of 150 mM Trizma base, 60 mM methylamine-HCl and 15 mM calcium acetated adjusted to pH 8.3 with glacial acetic acid, and 2 μl of the synthetic trypsin substrate boc-vla-leu-lys-7-amido-4-methylcoumarin (1 ng/μl) were added. Trypsin (sequencing grade, Promega) was dissolved in buffer in accordance with the manufacturer's instructions (100 ng/μl,) and 3μl was added to each PrP^res^ preparation. Following trypsin digestion at 30°C for 18 h, the reaction was terminated by addition of 12 μl 5% v/v formic acid (FA). Thus, each 300 mg sample of brain gave rise to two replicates of PK-treated and trypsin digested PrP^res^ preparations. Digests that could not be analyzed by chip-HPLC mSRM within 18 h of this final preparation step (see [Results](#sec008){ref-type="sec"}) were stored at -20°C until analysis.

Chip-HPLC-MS analysis {#sec006}
---------------------

Since there are sequence differences between ovine and bovine prions that result in mass differences between a large number of PrP^Sc^ marker peptides ([Fig 1](#pone.0206505.g001){ref-type="fig"}, [S2 Fig](#pone.0206505.s002){ref-type="supplementary-material"} and [S1](#pone.0206505.s010){ref-type="supplementary-material"} and [S2](#pone.0206505.s011){ref-type="supplementary-material"} Tables), a different assay is required to carry out similar studies with bovine prions than previously published for ovine prions \[[@pone.0206505.ref033]--[@pone.0206505.ref035]\]. Analogues of peptides representing relevant sequences of bovine PrP ([Fig 1](#pone.0206505.g001){ref-type="fig"} and [S1](#pone.0206505.s010){ref-type="supplementary-material"} and [S2](#pone.0206505.s011){ref-type="supplementary-material"} Tables) including those representing post-translational modifications pyroglutamylation or deglycosylation, were custom synthesized (min. 98% purity; Peptide Protein Research Ltd., Eastleigh, UK) and used, without further purification, for method optimization and as external calibration standards for quantification. A multiplexed LC-MS/MS method was developed using an Agilent 6410 triple quadrupole mass spectrometer interfaced with a Chip Cube and Agilent 1200 nano-HPLC system (Agilent, UK). A "dynamic MRM" method was developed based on synthetic versions of each of the peptides to be included in the bovine PrP assay; MS/MS data were acquired for each peptide scanning an appropriate mass range, and two to four precursor/product ion pairs (transitions) selected and optimized ([S3 Table](#pone.0206505.s012){ref-type="supplementary-material"}). The previously developed assay for ovine PrP \[[@pone.0206505.ref035]\] was used to analyse ovine and ovine transgenic mouse samples (see [S2 Fig](#pone.0206505.s002){ref-type="supplementary-material"} for the equivalent ovine protein sequence and tryptic peptide numbering; ovine peptides used in the assay are also given [S1](#pone.0206505.s010){ref-type="supplementary-material"} and [S2](#pone.0206505.s011){ref-type="supplementary-material"} Tables). For brevity, the N-TAAP peptides are referred to solely by their N-terminal amino acid residue in the following, rather than by the N-terminal and C-terminal residue (for example, G77 rather than G77-K109).

![Bovine PrP protein sequence.\
N-TAAP region and tryptic peptides used in the mass spectrometry-based assay are indicated (also refer to [S1](#pone.0206505.s010){ref-type="supplementary-material"} and [S4](#pone.0206505.s013){ref-type="supplementary-material"} Tables). A five-octarepeat version is shown to facilitate analogy with ovine sequence. Arrowheads indicate trypsin cleavage sites. Amino acid residues in **bold** indicate interspecies polymorphisms in comparison with the ovine sequence.](pone.0206505.g001){#pone.0206505.g001}

Peptide calibration standards or tryptic digest samples were injected (1 μl) onto an Agilent Ultra-high Capacity chip, containing a 500 nl enrichment column and a 150mmx75μm analytical column packed with Zorbax 80-SB-C18, particle size 5 μm. For the loading pump 0.1% FA in water (LC-MS grade, Fisher Scientific) was used (3 μl/min). The chip injection flush volume was set to 8 μl. Analyte separation and elution into the mass spectrometer was carried out in forward flush mode. A gradient was used running from 3% to 50% solvent B (where solvent A was 0.1% v/v FA in water and solvent B was 0.1% FA in 90% acetonitrile and 10% water (LC-MS grade, Fisher Scientific) over 25 min at a flow rate of 400 nl/min. The capillary voltage was set to 1900 V.

Retention times were determined using the PrP peptide standards and retention time windows set at 2 min for most peptides; for peptides which tended to have wider peaks or peaks that tended to shift as the assay progressed, up to 4 min were used.

Dilution series of calibration and quality control (QC) standards ranging between 0.1 fmol/μl to 0.5 pmol/μl were run at the start of the sample batch; additional QC standards at the end and, depending on the number of preparations analyzed, mid-batch. To minimize carryover effects, duplicate injections of 8 μl 70/30 (v/v) acetonitrile/water followed by two blank runs were inserted after the highest concentration standards and between preparations from different samples. All cattle samples reported here have been analysed as part of a single HPLC-MS analysis sequence while the Tg bovinised mouse samples were analysed together as part of a different sequence, but using the same HPLC column and set of calibration standards. The ovine L-BSE samples were analysed together in a single HPLC-MS analysis sequence specific for ovine PrP, while Tg ovinised mouse preparations were analysed in a separate sequence which did not include calibration standards. The ovine C-BSE and CH1641 data included for comparison were from previous analyses \[[@pone.0206505.ref035]\].

Data processing and presentation {#sec007}
--------------------------------

LC-mSRM data were acquired and analyte concentrations calculated based on peak area, by interpolation from calibration curves generated, using proprietary software (Agilent MassHunter Quantitative Analysis version B.05.02). All analyte and calibration standard peaks were manually verified and re-integrated as necessary. Linear regression with none or a 1/x weighting was used, whichever gave the better fit for a given peptide (R2 \> 0.98). Lower limits of detection and quantification (LoDs and LoQs) and imprecision of quantification were established using synthetic peptide mixtures of known concentration (quality controls). The LoD was defined as the concentration above which the signal-to-noise ratio exceeded 3. The LoQ was defined for each peptide as the concentration above which the calculated value was within 20% of the theoretical value (n = 2--4 depending on batch size). Values for the bovine assay are given in [S3 Table](#pone.0206505.s012){ref-type="supplementary-material"}; for the ovine assay as previously published \[[@pone.0206505.ref035]\]. Calculated peptide concentrations were transferred to GraphPad Prism v.7 for the production of N-TAAP plots. Values from processing replicates were combined to display a mean with standard deviation. Peptide relative abundances and ratios were calculated using Microsoft Excel 2010 and data transferred to GraphPad Prism v.7 for further processing and presenting. P-values were calculated by applying an unpaired two-tailed t-test as available in the Graphpad software.

The maximum tissue equivalent (TE~max~) values, given in the figure captions, represent the maximum amount of tissue from which the corresponding PrP^res^ profile was derived, supposing no losses occurred during preparation. The values were calculated on the basis that for each analysis, 1 μl was injected on column from a total of 25 μl tryptic digest, and that this digest originated from a known amount of brain tissue divided in two or four (C-BSE samples) processing replicates following homogenisation.

Results {#sec008}
=======

Bovine C-BSE PrP^res^ profiles are uniform with predominant PK cleavage at G96 {#sec009}
------------------------------------------------------------------------------

When we first applied the MS-based assay to quantify bovine PrP^res^ peptides prepared from C-BSE infected brain stem, we found that the absolute peptide abundances obtained from bovine tissue were much lower compared to equivalent amounts of ovine tissue \[[@pone.0206505.ref035]\]. To assess whether the resulting peptide profiles were nonetheless of sufficient quality, we compared results obtainable from the smaller amounts of starting material with those based on larger quantities. A total of 24 tryptic digests were prepared by dividing homogenates, each prepared from 350 mg or 1000 mg brain stem from three different C-BSE field cases, into four aliquots. Each homogenate aliquot gave rise to a final volume of 25 μl tryptic digest. Hence each chip-HPLC-MS analysis (1 μl digest injected on column) corresponded to a maximum tissue equivalent (TE~max~) of 3.5 mg or 10 mg. Yields of tryptic peptide T20 (VVEQMCITQYR or V212-R223, see [Fig 1](#pone.0206505.g001){ref-type="fig"} and [S2 Table](#pone.0206505.s011){ref-type="supplementary-material"} for tryptic peptide numbering), used as a marker for \[PrP^res^\], were 2--3 fmol/μl for 350 mg brain stem (Figures A-C in [S3 Fig](#pone.0206505.s003){ref-type="supplementary-material"}) and 10--15 fmol/μl for 1000 mg brain stem (Figures D-F in [S3 Fig](#pone.0206505.s003){ref-type="supplementary-material"}). This equates to an approximate linear correlation between yield and amount of starting material. While the error bars in the absolute profiles ([S3 Fig](#pone.0206505.s003){ref-type="supplementary-material"}) appeared larger for 350 mg compared to 1000 mg brain stem used, error bars were reduced once relative abundances were calculated giving rise to the final N-TAAP and tryptic profiles, and are similar for 350 mg and 1000 mg starting material ([Fig 2](#pone.0206505.g002){ref-type="fig"}).

![Bovine classical BSE, natural cases from the UK.\
N-TAAP (left-hand panels) and tryptic peptide profiles (right hand panels). Case references (A, D) 06/06990, (B, E) 1643/97, (C, F) 1339/96. Samples (A-C) were prepared using 350 mg, (D-F) using 1000 mg starting material, divided in four prior to PK treatment, and processed and analysed in parallel, giving TE~max~ of 3.5 and 10 mg, resp., then data were combined to create the profiles. Where error bars exceeded the maximum of the y-axis range displayed, they were clipped by the software and drawn in manually. Peptide numbering as in [Fig 1](#pone.0206505.g001){ref-type="fig"}.](pone.0206505.g002){#pone.0206505.g002}

The N-TAAPs for C-BSE were consistent between the different field case samples and amounts ([Fig 2](#pone.0206505.g002){ref-type="fig"} and [S3 Fig](#pone.0206505.s003){ref-type="supplementary-material"}). The fragment with N-terminal G96 was the most abundant (approx. 40% of the total), followed by G94 (10--20%), and then G100, the pyroglutamyl form of residue 101 (pE101), and W102 (each approx. 10%). The presence of pE101 without similar abundance of Q101 fragments suggested that some of the PrP^Sc^ fragments existed prior to PK treatment. These observations are consistent with WB results where C-BSE is known to lack reactivity with Group A monoclonal antibodies (mAbs) such as P4 and 12B2 which have epitopes N-terminal to G94. The other bovine C-BSE preparations analysed in this study, from surveillance cases as well as experimental transmissions ([Table 1](#pone.0206505.t001){ref-type="table"}), gave results similar to those in [Fig 2](#pone.0206505.g002){ref-type="fig"} and [S3 Fig](#pone.0206505.s003){ref-type="supplementary-material"}.

T20 was consistently the most abundant of the tryptic peptides ([S3 Fig](#pone.0206505.s003){ref-type="supplementary-material"}, right-hand panels). To obtain more consistent tryptic peptide profiles when averaged over multiple preparations, abundances were calculated relative to T20 in individual preparations and averaged for the replicates ([Fig 2](#pone.0206505.g002){ref-type="fig"}, right-hand panels). The levels of the aglycosyl forms of T15-16 (Y160-R188) and T18 (G198-K207) were similar at approx. 20% of the abundance of T20 ([Fig 2](#pone.0206505.g002){ref-type="fig"}). Note that fully tryptic peptides T15 (Y160-R167) and T16 (P168-R188) are only observed at very low abundance (\<0.01% of T15-16). Cleavage of this R-P bond does not appear to be favoured by trypsin, in contrast to the R-P bond between T11 (H114-R139) and T12 (P140-R151) \[[@pone.0206505.ref035]\]. Therefore T15 and T16 have been disregarded in the remainder of this work.

The relative abundance of C-terminal peptide T21 (E224-R231) was reduced in the profiles based on the larger amounts of starting material (compare right hand panels in Figures A-C in [S3 Fig](#pone.0206505.s003){ref-type="supplementary-material"} with those in Figures D-F in [S3 Fig](#pone.0206505.s003){ref-type="supplementary-material"}). This was attributed to chromatographic displacement: the low hydrophobicity of T21 (calculated MEEK index at pH2.1 is 2.2 \[[@pone.0206505.ref046]\]) leads to a reduced interaction with the column stationary phase for higher total peptide concentrations, causing partial elution into the column void.

We concluded that consistent N-TAAP and tryptic peptide profiles could in principle be obtained from bovine BSE tissue quantities of approx. 350 mg, but decided to divide these into two (TE~max~ = 7 mg) rather than four processing aliquots to increase the probability that the absolute PrP^res^ yield exceeded 2 fmol/μl. The use of larger amounts of starting material was considered undesirable as this might distort the profiles due to chromatographic displacement.

Bovine atypical BSEs produce distinctive PrP^res^ peptide profiles {#sec010}
------------------------------------------------------------------

A total of four H-BSE (H1-4) and four L-BSE samples (L2, L4, L5 and L6) were prepared and analysed (TE~max~ = 7 mg) \[[@pone.0206505.ref037], [@pone.0206505.ref038]\]. Samples H1 and H2 contained insufficient PrP to allow N-TAAPs to be determined, despite the concentrations of tryptic peptide T20 being approx. 4 fmol/μl for H1 and 2 fmol/μl for H2. Samples H3 yielded approx. 20 fmol/μl T20 and H4 8 fmol/μl ([S4 Fig](#pone.0206505.s004){ref-type="supplementary-material"}) and contained sufficient N-TAAP peptides to allow profiles to be determined. Thus the order of PrP^res^ yield (highest to lowest) here is H3, H4, H2, and H1, the latter being the least abundant. This is somewhat different from the WB results reported previously where H2 was the most abundant followed by H1, H3 and H4 \[[@pone.0206505.ref037]\]. PrP^res^ yields for L-BSE also varied between approx. 10 and 30 fmol/μl based on T20 abundance. The order of abundance by MS was L4, L3, L6 and L5, roughly agreeing with the order reported by WB as L4, L3, L2, L1 \[[@pone.0206505.ref037]\] and L5, L6 \[[@pone.0206505.ref038]\].

The dominant PK cleavage site for H-BSE was N-terminal to G85 (40--50%), while some pE86 and G89 N-terminal fragments were also observed (approx. 15% each) as well as G77 (5%) ([Fig 3](#pone.0206505.g003){ref-type="fig"} H3 and H4). Further C-terminal cleavages were also detected, mainly G94, G96 and G100 at approx. 5% abundance, as well as G90, G91 and G92 but at even lower levels. For the L-type BSE samples ([Fig 3](#pone.0206505.g003){ref-type="fig"} L3, L4 and L6), the N-terminal fragment G96 was on the whole the most abundant (20--40%), closely followed by G100 (20--30%), pE101 (15--20%) and W102 (10%). This differs from the profiles observed for C-BSE, where further C-terminal fragments were minor compared to G96. Furthermore, the abundance of G94 was much lower for L-BSE compared to C-BSE. This is the first time that the precise differences in composition of the "ragged" N-terminus of PrP^res^ between L-BSE and C-BSE have been reported. These observations are consistent with previous WB observations where L-BSE has a slightly reduced MM compared to C-BSE.

![Bovine experimental atypical BSE.\
N-TAAP (left-hand panels) and tryptic peptide profiles (right hand panels). H3, H4: H-BSE primary passage cases \[[@pone.0206505.ref037]\]; L2, L4: L-BSE primary passage cases \[[@pone.0206505.ref037]\]; L6: L-BSE secondary passage case \[[@pone.0206505.ref038]\]. Samples (350 mg) were divided into two replicates prior to PK treatment and processed and analysed in parallel (TE~max~ = 7 mg), then data combined to create the profiles. Where error bars exceeded the maximum of the y-axis range displayed, they were clipped by the software and drawn in manually.](pone.0206505.g003){#pone.0206505.g003}

The tryptic peptide profiles from atypical BSE samples were, as in classical BSE, dominated by T20. Only for sample L2 did it appear that other tryptic peptides (T14 and T15-16) were more abundant. It remains unclear whether this was an analytical artefact due to overall low abundance, or an unusual feature of a specific sample. There did seem to be a recurring difference between the H- and L-BSE samples in the abundance of aglycosyl peptides T15-16 and T18: while T15-16 is of similar or slightly higher abundance than T18 for L-BSE, T15-16 appeared much lower than T18 for H-BSE.

PrP^res^ profiles following transmission of C-, H- and L-BSE to Tg bov mice {#sec011}
---------------------------------------------------------------------------

To evaluate PrP^Sc^ profiles following the transmission of C-, H- and L-BSE to Tg bov models, brain samples from transmission studies of UK single source inocula into Tg110 and Tg1896 mice were prepared and analysed (TE~max~ = 2--6 mg). Two individual mouse samples were processed for each inoculum/Tg mouse combination except in one case (H-BSE into Tg1896), where only one sample was available. The concentrations of the N-TAAP and tryptic peptides detected ([S5](#pone.0206505.s005){ref-type="supplementary-material"}, [S6](#pone.0206505.s006){ref-type="supplementary-material"} and [S7](#pone.0206505.s007){ref-type="supplementary-material"} Figs) were generally higher compared to the bovine samples, yet different for the different types of BSE. The PrP^res^ yield from the C-BSE infected Tg110 mice was approx. 175 fmol/μl for M1 and 350 fmol/μl for M2 ([S5 Fig](#pone.0206505.s005){ref-type="supplementary-material"}), 12--20 fold higher than the 10--15 fmol/μl ([S3 Fig](#pone.0206505.s003){ref-type="supplementary-material"}) obtained from cattle. This increase is not explained by differences in TE~max~, and is large even considering that Tg110 mice overexpress PrP^C^ 8-fold compared to cattle \[[@pone.0206505.ref042]\]. For H-BSE, the increase in PrP^res^ yield was less extreme: four-fold, from approx. 10 fmol/μl for cattle ([S4 Fig](#pone.0206505.s004){ref-type="supplementary-material"}) to 40 fmol/μl for Tg bov mice ([S6 Fig](#pone.0206505.s006){ref-type="supplementary-material"}). For L-BSE, a similar yield of approx. 15 fmol/μl was obtained for Tg110 mice compared to cattle (Figures M9 and M10 in [S7 Fig](#pone.0206505.s007){ref-type="supplementary-material"}) which was approx. 10-fold higher at 150 fmol/μl in Tg1896 mice (Figures M11 and M12 in [S7 Fig](#pone.0206505.s007){ref-type="supplementary-material"}).

N-TAAPs obtained from C-BSE transmission into either Tg110 or Tg1896 mice showed that cleavage sites G96 and G94 were most abundant, just as observed for bovine C-BSE ([Fig 4](#pone.0206505.g004){ref-type="fig"} and [S5 Fig](#pone.0206505.s005){ref-type="supplementary-material"}, left-hand panels). Also like bovine C-BSE, cleavage sites G100, pE101 and W102 were detected with an abundance of about 20% of G96 each. Q101, not observed for bovine C-BSE, was also detected at about half the abundance of pE101. The pyroglutamyl form of residue Q95, pE95, was barely detectable for bovine C-BSE but more clearly observed in the Tg bov preparations. Furthermore Tg110 and Tg1896 appeared to differ with regard to the abundance of pE95, which was low for Tg110 but clearly present for Tg1896. In contrast to bovine C-BSE, the further N-terminal sites G85 and G77 were also relatively abundant in the C-BSE Tg mice. G89 was also detected but much less abundant than the neighbouring sites G85 and G94.

![C-BSE into bovinised mice.\
N-TAAP (left-hand panels) and tryptic peptide profiles (right hand panels) from transgenic mice inoculated with C-BSE from a single UK source. Samples (200--300 mg) were divided into two replicates prior to PK treatment and processed and analysed in parallel, then data were combined to create the profiles. M1, M2: Tg110; M3, M4: Tg1896. TE~max~: M1 = 5.5, M2 = 4.2, M3 = 4.5, M4 = 5.8.](pone.0206505.g004){#pone.0206505.g004}

N-TAAPs of H-BSE transmitted to Tg bov mice ([Fig 5](#pone.0206505.g005){ref-type="fig"} and [S6 Fig](#pone.0206505.s006){ref-type="supplementary-material"}) corresponded to the profiles observed in cattle, where G85 was the most abundant cleavage site followed by G77, pE86 and G89. Cleavage at G94, found to be relatively low for H-BSE in cattle ([Fig 3](#pone.0206505.g003){ref-type="fig"} and [S4 Fig](#pone.0206505.s004){ref-type="supplementary-material"}) compared to classical scrapie, was also relatively low in the Tg mouse models of H-BSE ([Fig 5](#pone.0206505.g005){ref-type="fig"} and [S6 Fig](#pone.0206505.s006){ref-type="supplementary-material"}). N-TAAPs for L-BSE in Tg bov mice ([Fig 6](#pone.0206505.g006){ref-type="fig"} and [S7 Fig](#pone.0206505.s007){ref-type="supplementary-material"}) were consistent with those of L-BSE in cattle ([Fig 3](#pone.0206505.g003){ref-type="fig"} and [S4 Fig](#pone.0206505.s004){ref-type="supplementary-material"}), with G96 the most abundant, very closely followed by G100 and W102. The relatively low abundance of pE101 in the L-BSE profiles of Tg bov mice was considered to be a minor difference with L-BSE in cattle. pE86, not abundant in either case, appeared to be at a slightly higher level for Tg1896 mice ([Fig 6C and 6D](#pone.0206505.g006){ref-type="fig"}) compared to Tg110 mice ([Fig 6A and 6B](#pone.0206505.g006){ref-type="fig"}).

![H-BSE into bovinised mice.\
N-TAAP (left-hand panels) and tryptic peptide profiles (right hand panels) from transgenic mice inoculated with H-BSE from a single UK source. M5, M6: Tg110; M7: Tg1896. Samples (approx. 200 mg each from Tg110 mice, 300 mg from the Tg1896 mouse) were divided into two replicates prior to PK treatment and processed and analysed in parallel, then data were combined to create the profiles. TE~max~: M5 = 3.6, M6 = 3.5, M7 = 5.5.](pone.0206505.g005){#pone.0206505.g005}

![L-BSE into bovinised mice.\
N-TAAP (left-hand panels) and tryptic peptide profiles (right hand panels) from transgenic mice inoculated with L-BSE from a single UK source. M9, M10: Tg110; M11, M12: Tg1896. Samples (approx. 100mg for Tg110 and 200mg for Tg1896) were divided into two replicates prior to PK treatment and processed and analysed in parallel, then data were combined to create the profiles. TE~max~: M9 = 1.8; M10 = 1.8, M11 = 3.4, M12 = 3.8.](pone.0206505.g006){#pone.0206505.g006}

The tryptic profiles of the Tg bov mouse line and TSE combinations are consistent, as demonstrated by the small error bars in the relative profiles (Figs [4](#pone.0206505.g004){ref-type="fig"}--[6](#pone.0206505.g006){ref-type="fig"}). The high absolute concentrations of the tryptic peptides facilitated their accurate quantification, except for T11, quantification of which is prevented by its relatively low abundance in combination with a high LoQ of 5 fmol/μl.

Differences are evident in absolute and relative abundances of the aglycosyl forms of peptides T15-16 and T18 between the BSE strains and the different Tg mouse lines. For C-BSE in Tg bov mice, a relatively high abundance of the aglycosyl form of T15-16 is observed. For H-BSE and L-BSE in the Tg bov mouse models, T15-16 and T18 are of similar abundance although their abundance compared to T20 appears higher for L-BSE. These differences are analysed further in a section below.

Changes to L-BSE PrP^res^ in the ovine host are characterised by a broad N-terminal cleavage distribution and C-terminal truncation {#sec012}
-----------------------------------------------------------------------------------------------------------------------------------

To gain insight into how bovine atypical BSEs might manifest if transmitted to other species, successful experimental transmissions of L-BSE to sheep have been carried out by other groups \[[@pone.0206505.ref017], [@pone.0206505.ref047]\] as well as at APHA \[[@pone.0206505.ref018]\], and were found to result in a unique disease phenotype. To better understand these changes at a molecular level, we selected four samples from the APHA ovine L-BSE transmission experiments, in which the same source had been used as for the bovine L-BSE described above, and processed and analysed these using the ovine PrP assay \[[@pone.0206505.ref035]\]. The resulting relative N-TAAP and tryptic peptide profiles are displayed in [Fig 7](#pone.0206505.g007){ref-type="fig"}; corresponding absolute abundances are plotted in [S8 Fig](#pone.0206505.s008){ref-type="supplementary-material"}. The highest overall abundance was obtained from samples 140/11 and 267/11 (tryptic peptide abundance in the range of 100--300 fmol/μl), followed by 457/11 (50--100 fmol/μl) and 456/11 (10--30 fmol/μl). In WB analyses of these same samples \[[@pone.0206505.ref018]\], 140/11 and 267/11 displayed intense bands ([Fig 4](#pone.0206505.g004){ref-type="fig"} panel C lanes 3 and 4 in \[[@pone.0206505.ref018]\]), while 456/11 ([Fig 4](#pone.0206505.g004){ref-type="fig"} panel C lane 5 in \[[@pone.0206505.ref018]\]) and 457/11 ([Fig 4](#pone.0206505.g004){ref-type="fig"} panel A lane 3 in \[[@pone.0206505.ref018]\]) were fainter, so our observations in this respect agreed with these analyses. The overall abundances determined for ovine L-BSE corresponded to the relative WB intensities obtained from these animals \[[@pone.0206505.ref018]\].

![L-BSE into sheep.\
N-TAAP (left-hand side) and tryptic peptide profiles (right hand side) from sheep inoculated with the same L-BSE source as used in the bovine experimental transmissions, as described in \[[@pone.0206505.ref018]\]. (A) animal ID 456/11 ALRQ/VRQ, (B) 140/11, ALRQ/VRQ (C) 267/11 VRQ/VRQ (Dorset males) and (D) 457/11 AFRQ/AFRQ (Cheviot). T11+ denotes the summed contributions of T11, T11-12 and T11-13. T12 L141 denotes the T12 variant containing the L141 allele; T12 F141 denotes the T12 variant containing the F141 allele. Samples (approx. 350 mg) were divided into two replicates prior to PK treatment and processed and analysed in parallel, then data combined to create the profiles. TE~max~ = 7mg for each profile.](pone.0206505.g007){#pone.0206505.g007}

The N-TAAP plots show that N-terminal cleavages at G96, G100 and W102, as observed for L-BSE in cattle and Tg bov mice, were accompanied by cleavage at neighbouring sites G94 and Q101 as well as at further N-terminal sites G77, G81, G85 and G89 ([Fig 7](#pone.0206505.g007){ref-type="fig"} and [S8 Fig](#pone.0206505.s008){ref-type="supplementary-material"}, left hand panels). Moreover, there appears to be no single dominating N-TAAP peptide fragment or set of fragments. The relatively low concentrations of N-TAAP peptides, in the range of 1--10 fmol/μl, compared to tryptic peptide abundance ([S8 Fig](#pone.0206505.s008){ref-type="supplementary-material"}) or no more than 30% of the total ([Fig 7](#pone.0206505.g007){ref-type="fig"}), is a consequence of the broad spread of the cleavage sites across the protease sensitive area of PrP^Sc^.

Absolute and relative tryptic peptide plots are shown in the right-hand panels of [S8 Fig](#pone.0206505.s008){ref-type="supplementary-material"} and [Fig 7](#pone.0206505.g007){ref-type="fig"}, respectively. As the ovine assay included tryptic peptides representing the 136A/V, 141L/F, 154R/H and 171Q/H PRNP genotype variants \[[@pone.0206505.ref048], [@pone.0206505.ref049]\] in sheep ([S1 Table](#pone.0206505.s010){ref-type="supplementary-material"}), the plots have been expanded to accommodate these peptides. For visual simplicity, abundances of missed cleavage peptides (produced where trypsin has failed to cleave between two amino acid residues it normally targets), that include the same PrP areas, such as T11, T11-12 and T11-13, were added to the same channel. In some cases, tryptic profiles were derived from 136A/V 141L/L 154R/R 172Q/Q animals and therefore contain signal from both A136 and V136 allele forms of tryptic peptides T11, T11-T12 and T11-T13, the sum of which is presented in channels designated "T11+ 136A" and "T11+ 136V" ([Fig 7A and 7B](#pone.0206505.g007){ref-type="fig"} and Figures A and B in [S8 Fig](#pone.0206505.s008){ref-type="supplementary-material"}), while in another case the tryptic profile merely contains peptides corresponding to V136 from a 136V/V 154R/R 172Q/Q genotype animal ([Fig 7C](#pone.0206505.g007){ref-type="fig"} and Figure C in [S8 Fig](#pone.0206505.s008){ref-type="supplementary-material"}). One tryptic profile from a 136A/A 141F/F 154R/R 172Q/Q animal, exclusively shows the T12 variant corresponding the F141 allele ([Fig 7D](#pone.0206505.g007){ref-type="fig"} and Figure D in [S8 Fig](#pone.0206505.s008){ref-type="supplementary-material"}) which is absent from [Fig 7A--7C](#pone.0206505.g007){ref-type="fig"}. Since the T11-T12 or T11-T13 peptides corresponding to the F141 allele variant were not included in the ovine assay ([S1 Table](#pone.0206505.s010){ref-type="supplementary-material"}), peptide abundance in the "T11+ A136" channel was accordingly lower. Also included is tryptic peptide IMER (T19) which, due to the lower hydrophobicity of the bovine variant of T19 (MMER, MEEK index \[[@pone.0206505.ref046]\] 1.6 as opposed to 5.6 for IMER), was not included in the bovine assay.

The most surprising feature of the ovine L-BSE tryptic profiles in [Fig 7](#pone.0206505.g007){ref-type="fig"} is the comparatively low abundance of T20, which normally dominates PrP^Sc^ tryptic peptide profiles as shown above. C-terminal peptide T21 was of similarly low abundance while the abundance of peptide T19 was of a level similar to T14 and T17. This suggests that the majority of PrP^Sc^ from ovine L-BSE is PK sensitive in the C-terminal area beyond T19. To prevent the reduced abundance of T20 causing unrealistic relative abundances for the other tryptic peptide profiles in [Fig 7](#pone.0206505.g007){ref-type="fig"}, we normalised relative to T19, instead.

To further investigate how classical and atypical BSE cause the ovine prion protein to misfold, brain material was prepared and analysed from TgEM16 mice to which C-, H- and L-BSE were transmitted. It was not possible to acquire data from peptide calibration standards added on to these analyses due to technical issues, and therefore quantification of PrP peptides in these samples could not be carried out. A qualitative comparison between the N-TAAP and tryptic peptide chromatograms with those from ovine L- and C-BSE is provided instead ([S9 Fig](#pone.0206505.s009){ref-type="supplementary-material"}). C-BSE in TgEM16 mice showed the features similar to C-BSE in cattle, but also included the more N-terminal cleavage sites G85 and G89 (Panel A in [S9 Fig](#pone.0206505.s009){ref-type="supplementary-material"}). T20 dominates the tryptic peptide profiles of C-BSE transmitted to TgEM16 mice (Panel B in [S9 Fig](#pone.0206505.s009){ref-type="supplementary-material"}). The PrP peptide yield from the H-BSE inoculated TgEM16 mice yield was very low (Panel C in [S9 Fig](#pone.0206505.s009){ref-type="supplementary-material"}), consistent with the lack of clinical signs and negative WB data from these mice. Nonetheless, some PrP tryptic peptides were detected (Panel D in [S9 Fig](#pone.0206505.s009){ref-type="supplementary-material"}), possibly due to from high PrP^C^ levels (8-16x) in TgEM16 mice resulting in a certain amount being co-purified with other proteins normally detected in control preparations \[[@pone.0206505.ref035]\], but without giving rise to the N-TAAP peptides diagnostic of TSEs. N-TAAP and tryptic peptides were detected with good abundance for L-BSE in TgEM16 mice (Panels E and F in [S9 Fig](#pone.0206505.s009){ref-type="supplementary-material"}), and corresponded to PK cleavage at the sites G94, G96, S100, Q101, pE101, W102, as well as G89, but at relatively low levels compared to classical BSE in TgEM16. T20 was the most abundant (highest) peak for L-BSE in TgEM16 (Panel F in [S9 Fig](#pone.0206505.s009){ref-type="supplementary-material"}), similar to findings for C-BSE but contrasting with the findings described above for ovine L-BSE. To facilitate a direct comparison between the EM16 L-BSE and ovine L-BSE data, the original N-TAAP and tryptic peptide chromatograms are provided for ovine L-BSE sample 267/11 (Panels G and H in [S9 Fig](#pone.0206505.s009){ref-type="supplementary-material"}). To underline that the reduced abundance of T20 is uniquely found for L-BSE in the sheep host, N-TAAP and tryptic peptide chromatograms from C-BSE (Panels I and J in [S9 Fig](#pone.0206505.s009){ref-type="supplementary-material"}) and CH1641 scrapie (Panels K and L in [S9 Fig](#pone.0206505.s009){ref-type="supplementary-material"}) in a sheep host, are also provided. The latter two are obtained from the same 136 A/A 154 H/H 171 Q/Q samples for which N-TAAPs were published previously \[[@pone.0206505.ref035]\].

Aglycosyl peptide analysis {#sec013}
--------------------------

Glycosylation at N184 and/or N200 is a well-known *in vivo* modification of PrP \[[@pone.0206505.ref025]\] resulting in a population of four different glycoform groups: the non-glycosylated isoform (A) as well as two types of mono-glycosylated (M1 and M2), and one diglycosylated (D) isoform of PrP. These four glycoforms correspond to the three bands of PrP when detected by WB, as M1 and M2 can not be separated by one-dimensional gel electrophoresis. Differences in MM and glycoforms ratios form the molecular basis for differentiating C-, H- and L-BSE \[[@pone.0206505.ref006], [@pone.0206505.ref029]\]. While differences in WB migration distance between C- and L-BSE are subtle, these TSEs can normally be discriminated taking differences in their glycoform profiles into account: the band corresponding to the D isoform of PrP^Sc^ is much more prominent for bovine C-BSE compared to L-BSE. Plotting the percentages of glycoforms provides a useful visual to display these differences \[[@pone.0206505.ref012], [@pone.0206505.ref013], [@pone.0206505.ref018], [@pone.0206505.ref028], [@pone.0206505.ref029], [@pone.0206505.ref050]\]. While the glycosylated forms of the tryptic peptides containing N184 and N200 could not be detected in the MS-based assay, the abundances of the two aglycosyl peptides were routinely determined. Thus their relative ratios to each other and to other PrP^res^ core peptides could be calculated as a proxy for glycoform ratios ([Fig 8](#pone.0206505.g008){ref-type="fig"}). In the sections above, differences in aglycosyl peptide abundance between the TSEs in the different hosts were visually identified, but it was not obvious whether these were significant. The ratio between tryptic peptides T15-16 and T18, harbouring the first and second glycosylation site, appeared somewhat variable for the cattle samples ([Fig 8A](#pone.0206505.g008){ref-type="fig"}), presumably due to the relatively low general abundance of PrP^res^. By applying a two-tailed t-test and requiring P\<0.05, we were able to establish that the differences between bovine L-BSE and bovine C- BSE T15-16/T18 ratios were nonetheless statistically significant (P = 0.0175) (Table A in [S4 Table](#pone.0206505.s013){ref-type="supplementary-material"}). Similarly, differences in ratios between the aglycosyl peptides and tryptic peptide T20 ([Fig 8B and 8C](#pone.0206505.g008){ref-type="fig"}) appeared variable but T15-16/T18 and T15-16/T20 ratios for C-BSE versus L- BSE were significantly different (P = 0.0020 resp. 0.0203) while T18/T20 was also significantly different for C- versus H-BSE (P = 0.0005) (Tables B and C in [S4 Table](#pone.0206505.s013){ref-type="supplementary-material"}).

![Aglycosyl peptide ratios.\
Abundance ratios were calculated (A) between the aglycosyl forms of the tryptic peptides T15-16 (Y160-K188) and T18 (G198-K207) which respectively contain glycosylation site N184 and N200, (B) between the aglycosyl form of T15-16 and marker peptide T20 (T19 for ovine L-BSE), and (C) between the aglycosyl form of T18 and marker peptide T20 (T19 for ovine L-BSE). All peptide abundances were normalised to T20, except for ovine L-BSE, where T19 (I208-R211) was used due to the C-terminal cleavage inferred for this TSE and host combination, making it unsuitable as a standard for normalisation.](pone.0206505.g008){#pone.0206505.g008}

Looking at differences between Tg mouse TSEs, where higher PrP^Sc^ yields provided more accurate determinations of aglycosyl peptide abundance, differences in all three ratios were visually clearer ([Fig 8A--8C](#pone.0206505.g008){ref-type="fig"}) and also gave rise to lower P-values ([S4 Table](#pone.0206505.s013){ref-type="supplementary-material"}). Here, T16/T18 was significantly different for 7 out of 12, T16/T20 for 6/12 and T18/T20 for 12/12 comparisons ([S4 Table](#pone.0206505.s013){ref-type="supplementary-material"}, thickly outlined cells). Thus the ratio between the second glycosylation site and overall protein abundance appeared to be the most sensitive parameter for C-, H- and L-BSE differentiation in Tg bov mice. Moreover, the Tg bov mouse data showed that there were significant differences between the individual mouse lines for the T16/T18 and T16/T20 ratios in C-BSE (p = 0.0141 resp. 0.0036) while differences for H-BSE (p = 0.081 and 0.0216) were less clear-cut and not significant for L-BSE (p = 0.2256 and 0.1817) (Tables A and B in [S4 Table](#pone.0206505.s013){ref-type="supplementary-material"}).

Both the T16/T18 and T16/T20 ratios were significantly different between C-BSE in cattle versus C-BSE in Tg110 or Tg 1896 mice (P\<0.0001, \<0.0001, = 0.0023 and = 0.0107), but not between H-BSE or L-BSE in cattle versus the same TSE in Tg mice, while no significant difference was observed in this regard for the T18/T20 ratios ([S4 Table](#pone.0206505.s013){ref-type="supplementary-material"}, double-outlined cells).

Finally, T16/T18 was significantly different between ovine L-BSE compared to bovine C-BSE (p = 0.0085) but also between bovine and ovine L-BSE (P = 0.0209) and Tg mouse L-BSE (P = 0.0120 for Tg110 and 0.0183 for Tg1896). Given the previously identified C-terminal truncation of PrP^res^ in ovine L-BSE, the tryptic peptide T19 (I208-R211) was used instead of T20 to approximate the ratios between the abundance of the aglycosyl peptides and overall PrP^res^. No significant difference was found between ovine L-BSE T16/T20 and any of the other transmissions, while T18/T20 was significantly different between ovine L-BSE and all except bovine H- and L-BSE (Table C in [S4 Table](#pone.0206505.s013){ref-type="supplementary-material"}, rightmost column).

Overall, MS-based determination of the relative abundances of aglycosyl peptides has demonstrated that these are significantly different between BSE types, as well as between hosts.

Discussion {#sec014}
==========

The aims of the present study were (1) to establish the N-terminal amino acid and tryptic peptide profiles of classical and atypical BSE in cattle and identify any differences between them, and (2) to determine any changes in these profiles following transmission of each of the BSE types into Tg bov (Tg110 and Tg1896), and Tg ov (TgEM16) mice, and into sheep, as homologous and heterologous hosts used to determine the stability of these TSEs. The enhanced resolution provided by mass spectrometry based assays improved the confidence with which the stability of PrP^Sc^ conformations associated with these TSEs could be asserted.

Assay {#sec015}
-----

We expanded our PrP^Sc^ profiling capability by developing a mass spectrometry based assay adapted for bovine PrP, additional to the previously reported ovine assay \[[@pone.0206505.ref035]\]. The bovine assay allowed determination of N-terminal cleavage sites in the partially protease resistant region of bovine PrP, as well as quantification of tryptic peptides released from the protease resistant region once "melted" by guanidine hydrochloride, since comparison of the relative abundances of tryptic peptides had further potential to reveal differences in PrP^res^ structure(s), particularly regarding the glycosylation sites and C-terminus. However, tryptic PrP^res^ peptides can vary in concentration for multiple reasons such as missed cleavage and post-translational modifications \[[@pone.0206505.ref035]\]. While all fully tryptic peptides were present at the same level in an intact PrP protein, reasons that that they were detected with different abundances in an mSRM assay include the occurrence of missed cleavages and of *in vivo* or *in vitro* post-translational modifications such as glycosylation, C-terminal truncation \[[@pone.0206505.ref051]\] and oxidation. These factors have been recognised previously and T20 was found to be the most consistent and to provide the highest level of sensitivity for detection of PrP \[[@pone.0206505.ref052]--[@pone.0206505.ref054]\]. Presently, only aglycosyl forms of the tryptic peptides containing glycosylation sites, T15-16 for N184, obtainable from A and M2, and T18 for N200, obtainable from A and M1, were included in the assay. Thus T15-16 and T18 were expected to have a lower abundance than T20 (obtainable from all four glycoforms), which is indeed reflected in the data.

Missed cleavage products T11-12 and T11-13 as well as T13-14 ([S1 Table](#pone.0206505.s010){ref-type="supplementary-material"}) could all be identified at detectable levels, which lead to non-stoichiometric abundance of T11 relative to a mostly fully cleaved peptide such as T20. Even when missed cleavages were taken into account by adding the abundance of its products to that of a completely cleaved peptide, the final concentration did not equate that of other peptides. For instance, the overall T11+ signal (ovine samples) remained low compared to the other tryptic peptides ([Fig 7](#pone.0206505.g007){ref-type="fig"}), an observation which is in line with other data for bovine PrP^Sc^ and previous studies into ovine scrapie \[[@pone.0206505.ref035]\]. Finally, many peptides including T20 contains sites where posttranslational modifications can occur, such as oxidation of methionine (M137, M157, M216) and the reduction and alkylation of cysteine (C182, C217), each process having its own efficiency. Thus the tryptic peptide abundances each represented a fraction of total PrP^res^ and careful interpretation of differences was required, best performed by relative comparisons between samples in assays determined under the same conditions. We have aimed to achieve this by limiting the number of HPLC-MS sequences in which the samples containing bovine PrP were analysed, to two, and carried out these analyses using identical HPLC column settings and calibration conditions. Analysis of the ovine PrP samples naturally required mSRM methods and quantification standards corresponding to ovine instead of bovine PrP peptides and therefore a separate HPLC-MS analysis sequence was used.

PrP^res^ yields {#sec016}
---------------

C-BSE PrP^res^ yields from bovine tissue were generally lower than from the same amount of ovine tissue and more variable from different pieces of tissue. Acquiring mass spectrometry data from a larger amount of bovine tissue sample helped to improve the quality of the chromatograms; nonetheless the relative N-TAAP and tryptic peptide chromatograms remained consistent for smaller and larger amounts of starting material. We established that analysis of an amount of digest corresponding to TE~max~ = 3.5 was a minimum requirement to obtain reliable PrP profiles and an increase in TE~max~ to 7 was achieved by reducing the number of processing replicates per sample from four to two. Increasing TE~max~ further by using larger amounts of starting material or injecting larger sample volumes was considered to promote overloading of the chip-HPLC column resulting in chromatographic displacement, where peptides with lower hydrophobicity would be displaced by more hydrophobic peptides. This would result in peak broadening and general deterioration of results. The relatively low abundance of T21 in one of the experiments where TE~max~ = 10 ([Fig 2D--2F](#pone.0206505.g002){ref-type="fig"}) was considered indicative of this. Co-isolated proteins that were not relevant to the present assay, rather than high absolute amounts of PrP^res^, are mainly responsible for this column overloading effect: even in preparations of ovine surveillance cases with good abundance of PrP peptides by mSRM, PrP^res^ was less than 1% of the total amount of protein purified \[[@pone.0206505.ref035]\], as determined using the spectral counting method to estimate relative protein abundance \[[@pone.0206505.ref055]\].

PrP^res^ yields from Tg mouse models inoculated with various sources of BSE were considerably higher than from cattle. While this might be attributed to the 8-16x overexpression of PrP^C^ in the Tg mouse models, this relationship is not necessarily linear or proportional. For example, an inverse correlation was found between PrP^C^ overexpression levels and amounts of PrP^Sc^ detected in mice \[[@pone.0206505.ref056]\], while no particular relationship between the intensity of PrP^res^ bands analysed by WB from bov Tg mouse lines and various PrP^C^ expression levels could be identified \[[@pone.0206505.ref042]\]. In the present work, the amounts of PrP^res^ detected were also not directly proportional to the overexpression levels and differed depending on the type of BSE. The PrP^res^ yield from Tg bov mice inoculated with C-BSE was approximately twice what was expected based on the level of overexpression, whereas for H-BSE the PrP^res^ yield was less than half what was expected. A striking 10-fold difference in PrP peptide yield was identified between Tg110 and Tg1896 mice infected with L-BSE. These differences were approximately 2-fold for C-BSE and H-BSE. While the use of different H-BSE and L-BSE sources for inoculation of cattle and Tg mice may further complicate the interpretation of these observations, the results indicate that the amount of accumulated PrP^Sc^ is not directly proportional to the onset of clinical signs, and the underlying processes that lead to neuropathology are likely to differ between the TSEs.

NTAAPs {#sec017}
------

This is the first time that the PrP^res^ N-TAAPs have been reported for bovine C-, H- and L-BSE, while ovine C-BSE N-TAAPs have been reported previously by our group \[[@pone.0206505.ref033]--[@pone.0206505.ref035]\]. PK-cleavage sites in bovine C-BSE were dominated by G96 with a small contribution from adjacent sites G94, G100 and W102. Relative abundance plots ([S3 Fig](#pone.0206505.s003){ref-type="supplementary-material"}) demonstrate that the profiles were consistent between different field cases identified through UK surveillance, and we found no notable differences between these plots and additional data (not shown) obtained from further surveillance cases as well as experimental C-BSE transmissions. While based on a relatively modest 14 samples, the profiles were very similar, further supporting the conclusion that the C-BSE epidemic of cattle was caused by a single strain of infectious agent \[[@pone.0206505.ref057]\].

Differences in N-TAAPs were identified between C-, H- and L-BSE in cattle, between C-BSE in cattle and C-BSE following transmission to Tg mouse and ovine hosts, and between cattle L-BSE and L-BSE transmitted to ovine hosts. Whereas dissimilarities between the TSEs in the same host were anticipated and are explicable as a direct result of divergent PrP^Sc^ structures, profile changes for a given TSE in a new host were not always expected, and causes can be multifactorial. For C-BSE transmitted to Tg110 mice, PK cleavage appears to have taken place along a somewhat wider stretch of the PrP^Sc^ variably protease sensitive domain and included further N-terminal cleavages such as G89 and G85 ([Fig 4](#pone.0206505.g004){ref-type="fig"} and [S5 Fig](#pone.0206505.s005){ref-type="supplementary-material"}). The present data, obtained with mass spectrometry as an orthogonal technology and with samples obtained from entirely separate transmission experiments, confirm previous work where a faint signal was detected when monoclonal antibody 12B2 was used to detect BSE-derived PrP^res^ from Tg110 mice, and which was attributed to a minor subpopulation of PrP^Sc^ where the corresponding epitope was preserved \[[@pone.0206505.ref058]\]. For C-BSE transmitted to ovine hosts, the PK cleavage sites were also found to be more spread out ([Fig 7](#pone.0206505.g007){ref-type="fig"}, [S8 Fig](#pone.0206505.s008){ref-type="supplementary-material"} and \[[@pone.0206505.ref035]\]), also in keeping with previous findings by WB, where more Group A antibody (P4) reactivity was found for ovine compared to bovine C-BSE \[[@pone.0206505.ref018]\]. While a relative reduction in PK efficacy may still play a role, also given the much lower PrP^res^ yield from bovine compared to ovine samples described above, bioassay and PMCA studies support the notion of alterations in virulence properties of C-BSE following transmission to sheep \[[@pone.0206505.ref058], [@pone.0206505.ref059]\], indicating that actual changes in PrP^Sc^ structure are likely to underlie the observed spread in PK sites in the ovine host. Equivalent back-transmission studies or protein conversion comparisons to further investigate potential changes to PrP^Sc^ structure also in the case of C-BSE transmissions to Tg110 mice, are unfortunately not available.

H- or L-BSE N-TAAPs in cattle were not found to be particularly different from those in Tg mouse models, but the profile changes for L-BSE transmitted to sheep were dramatically different. The ovine L-BSE N-TAAPs include an unusually wide range of cleavage sites across the partially protease resistant region of PrP^Sc^, and the C-terminus is unusually truncated. These data fit with and underpin previously published molecular studies which reported unusual P4 reactivity while the MM continued to remain below that of C-BSE, contributing to the conclusion that ovine L-BSE presents a unique disease phenotype \[[@pone.0206505.ref018]\]. However, this is not thought to be the result of a mixture TSEs, as a mixture would lead to a distribution of molecular phenotypes within a challenged group of animals. Instead it is suspected that the broader spectrum is a feature of a single type of PrP^Sc^. By revealing the C-terminal truncation of ovine L-BSE PrP^res^, our studies help to understand the nature of the changes to PrP^Sc^ structure that have taken place. The WB banding pattern or glycoform ratio of PrP^res^ resulting from L-BSE transmission to TgEM16 mice showed remarkable similarity to that resulting from C-BSE transmitted to Tg1896 mice ([S1 Fig](#pone.0206505.s001){ref-type="supplementary-material"}). It has been reported previously that C-BSE and L-BSE acquire similar PrP^res^ profiles following passage in TgOv mice \[[@pone.0206505.ref012]\]. However, neither the increased N-terminal cleavage sites further to N-terminus nor the C-terminal truncation stood out in the MS-based data from L-BSE transmitted to TgEM16 mice (Panels E and F in [S9 Fig](#pone.0206505.s009){ref-type="supplementary-material"}). Since the L-BSE source used to inoculate the sheep host was different from the source used to inoculate the TgEM16 mice, a source-effect is a likely explanation, and since the genotypes of the sheep hosts (ARQ/VRQ, VRQ/VRQ or ARQ/ARQ) are different from the TgEM16 mice (AHQ/AHQ), this is also a potential cause for the observed differences, and further studies would be required to assess the impact of these variables. Nonetheless, more general differences in PrP^Sc^ processing between the two animal species remain a feasible explanation, also in the light of the above-mentioned alterations to C-BSE in sheep versus Tg bovinised mice. This underlines the insights that Tg mouse based transmission models are unlikely to be a wholly equivalent substitute for large animal transmission studies in evaluating TSE transmission risks \[[@pone.0206505.ref060], [@pone.0206505.ref061]\], from a molecular perspective.

The bovine H-BSE N-TAAPs confirm that there must be differences in structure of associated PrP^Sc^ between this TSE and ovine classical scrapie \[[@pone.0206505.ref035]\], even though they show similar migration and antibody reactivity on WB. Previously, the N-TAAPs from ovine classical scrapie cases were found to either contain a relatively high proportion of cleavage sites between G89 and G94, or an abundant pE95 \[[@pone.0206505.ref035]\]. Similar marker peptides are not detected for H-BSE ([Fig 3](#pone.0206505.g003){ref-type="fig"} and Figures H3 and H4 in [S4 Fig](#pone.0206505.s004){ref-type="supplementary-material"}), pointing at differences in structure which are likely to be responsible for the relatively poor transmission of H-BSE to sheep and to the TgEM16 ovinised mouse line.

The presence of the pyroglutamyl N-terminally modified residue 101 (pE101) without similar abundance of Q101 in most preparations suggests that N-terminally truncated forms of PrP^Sc^ were present prior to PK treatment \[[@pone.0206505.ref035]\]. One possible explanation is that these fragments have arisen through endogenous cleavage processes and may be representative of the C2 fragment \[[@pone.0206505.ref062]\]. The abundance of these N-terminal residues in samples based on bovine PrP is considerably lower in the C-BSE as well as atypical BSE samples for both cattle and Tg mice, compared to previously reported C-BSE and other ovine samples \[[@pone.0206505.ref035]\]. This suggests that there are fundamental differences in PrP^Sc^ deposition and truncation for bovine and ovine sequences. L-BSE in Tg bov mouse appears to display a relatively lower amount of Q101 and pE101 compared to L-BSE in cattle.

Glycosylation {#sec018}
-------------

Prion protein parameters that allow discrimination of atypical BSEs from C-BSE by WB include glycosylation ratio \[[@pone.0206505.ref006], [@pone.0206505.ref029], [@pone.0206505.ref063]\]. Visually clear differences in glycoforms ratios can be seen in the WBs of the PrP^res^ products following transmission to Tg mice ([S1 Fig](#pone.0206505.s001){ref-type="supplementary-material"}), and the clearest of these blots would allow for diglycoform and monoglycoform ratios to be determined and plotted. We have shown that the relative abundances of aglycosyl peptides as determined by mass spectrometry are also capable of showing significant differences between BSE types, as well as between hosts.

Differences between glycosylation ratios were not only identified between different TSEs in the same species but also following transmission of this TSE to different species. The most sensitive parameter in this context appeared to be T18/T20, followed by T15-16/T18 ([Fig 8](#pone.0206505.g008){ref-type="fig"}). The significant differences between TSEs ([S4 Table](#pone.0206505.s013){ref-type="supplementary-material"}) were anticipated based on WB glycoforms analysis, but notable changes in glycosylation pattern were also evident between mouse lines studied. Differences in glycosylation between mammals and animals from different classes or phyla such as insects or yeast are well known and differences between mammalian cell lines have also been reported \[[@pone.0206505.ref064]\]. Therefore differences between PrP^Sc^ glycosylation between cattle and mice would not be unprecedented. Unfortunately not enough is known regarding strain and species-specific glycosylation differences of the various sites, where changes in the monoglycosylated state may be most remarkable. Relatively little is known about preferential occupation of glycosylation sites, which have been found to vary between species and brain regions \[[@pone.0206505.ref065]--[@pone.0206505.ref067]\], and thus further research is needed. The finding that the Tg bov mouse data showed significant differences between the two individual mouse lines for the T15-16/T18 and T15-16/T20 ratios in C-BSE but not so much for H-BSE (p = 0.081 and 0.0216) and not at all for L-BSE (p = 0.2256 and 0.1817) underscores that certain mouse lines may be better models for differentiation of certain TSEs than others even if they exhibit the same PrP sequence at comparable expression levels. While the meaning of these differences remains to be determined, the results generally suggest that aglycosyl peptide ratios are useful parameters indicating where changes in glycosylation pattern occur. Further work including deglycosylation by PNGase and determination of both diglycosylated and aglycosyl PrP peptides would further improve insight and discriminatory power.

Wider interpretation {#sec019}
--------------------

In the present work we have applied the enhanced resolution provided by molecular analysis of PrP^res^ using mass spectrometry to obtain insight into how atypical BSEs are different from other TSEs and to identify conformational changes in PrP^Sc^ following transmission across species barriers. While this approach to characterise prions is not likely to be routinely applied due to its specialist nature, it complements methods such as refined epitope mapping to help understand atypical prions at the molecular level without being sensitive to species-related differences in antibody specificity. We identified differences between the high resolution molecular profiles from both L-BSE and H-BSE with those from other TSEs studied to date. Following transmission of C-, H- and L-BSE into Tg mouse lines and into sheep, various changes, some more subtle than others, have been detected: extension of cleavage sites to the N-terminus as well as C-terminal truncation, and differences in glycosylation ratios that were significant between TSE strains as well as animal species or lines.

An improved understanding of where prion structures change following transmission may provide improved understanding of risk of certain TSEs to the food chain. There is ongoing debate regarding the relationship between PrP^Sc^ size, stability and incubation time. For example long disease incubation times have been associated with more stable PrP^Sc^ structures in some studies \[[@pone.0206505.ref027]\] and with less stable PrP^Sc^ in others \[[@pone.0206505.ref068]\]. It could be argued that the more structural changes that can occur in a prion population following transmission, the more potential the associated TSE has to cross species barriers. However, more work is needed to understand what type of structural changes, for instance those that result in longer or shorter PK resistant domains, bring about which level of risk. The use of the MS-based PrP^res^ assay with its enhanced resolution, increases our insight into these structural changes. The apparent changeability of the structures of the associated PrP^Sc^ molecules following transmission to sheep underlines the potential risk to the food chain posed by these TSEs. Nonetheless, establishing a direct relationship between PrP^Sc^ conformation and zoonotic risk is complex, and maintenance of current precautionary food chain security measures remains advisable.

Supporting information {#sec020}
======================

###### Western blots of C-, H- and L-BSE transmitted to transgenic mouse lines Tg110, Tg1896 and TgEM16.

Animal ID/Sample references as in [Table 1](#pone.0206505.t001){ref-type="table"}. Lanes for samples not relevant to the present work have been edited out. Where blots for sample used in MS studies were not available, a WB from a littermate was included, indicated by an additional: M7L: littermate of M7, M11L: littermate of M11, M18L: littermate of M18. Scr = ovine classical scrapie positive control BSE = bovine classical BSE positive control. All blots were run using 12% BisTris gels and Magic Mark XP molecular mass markers (Thermo Fisher) were used.

(PDF)

###### 

Click here for additional data file.

###### Ovine PrP protein sequence (136A/154R/171Q) indicating N-TAAP region and tryptic peptides used in the mass spectrometry-based assay (also refer to [S1](#pone.0206505.s010){ref-type="supplementary-material"} and [S2](#pone.0206505.s011){ref-type="supplementary-material"} Tables).

Arrowheads indicate trypsin cleavage sites. Amino acid residues in bold indicate interspecies polymorphisms in comparison with the bovine sequence. For polymorphisms R154H or Q171R, tryptic peptide numbering is maintained.

(PDF)

###### 

Click here for additional data file.

###### Absolute N-TAAP (left-hand panels) and tryptic peptide profiles (right hand panels) of natural bovine classical BSE cases from the UK.

Case references: (A,D) 06/06990, (B,E) 1643/97, (C,F) 1339/96. Samples (A-C) were prepared using 350 mg, (D-F) using 1000 mg starting material, divided in four prior to PK treatment, and processed and analysed in parallel, giving TE~max~ of 3.5 and 7 mg, resp., then data were combined to create the profiles. Where error bars exceeded the maximum of the y-axis range displayed, they were clipped by the software and drawn in manually. Peptide numbering is as detailed in [Fig 1](#pone.0206505.g001){ref-type="fig"}, and in [S1](#pone.0206505.s010){ref-type="supplementary-material"} and [S2](#pone.0206505.s011){ref-type="supplementary-material"} Tables.

(PDF)

###### 

Click here for additional data file.

###### Bovine atypical BSE profiles.

Absolute abundances N-TAAP (left-hand panels) and tryptic peptide profiles (right hand panels). H3, H4: H-BSE primary passage cases \[[@pone.0206505.ref037]\] L2, L4: L-BSE primary passage cases \[[@pone.0206505.ref037]\]; L6: L-BSE secondary passage case \[[@pone.0206505.ref038]\]. Samples (350 mg) were divided into two replicates prior to PK treatment and processed and analysed in parallel (TE~max~ = 7 mg), then data combined to create the profiles. Where error bars exceeded the maximum of the y-axis range displayed, they were clipped by the software and drawn in manually.

(PDF)

###### 

Click here for additional data file.

###### C-BSE in bovinised mice.

N-TAAP (left-hand panels) and tryptic peptide profiles (right hand panels) from transgenic mice inoculated with C-BSE from a single UK source. Samples (200--300 mg) were divided into two replicates prior to PK treatment and processed and analysed in parallel, then data were combined to create the profiles. M1, M2: Tg110; M3, M4: Tg1896. TE~max~ M1 = 5.5, M2 = 4.2, M3 = 4.5, M4 = 5.8.

(PDF)

###### 

Click here for additional data file.

###### H-BSE into bovinised mice.

N-TAAP (left-hand panels) and tryptic peptide profiles (right hand panels) from transgenic mice inoculated with H-BSE from a single UK source. M5, M6: Tg110; M7: Tg1896. Samples (approx. 200 mg each from Tg110 mice, 300 mg from the Tg1896 mouse) were divided into two replicates prior to PK treatment and processed and analysed in parallel, then data were combined to create the profiles. TE~max~: M5 = 3.6, M6 = 3.5, M7 = 5.5.

(PDF)

###### 

Click here for additional data file.

###### L-BSE profiles obtained from individual bovinised mice.

Absolute abundance N-TAAP (left-hand panels) and tryptic peptide profiles (right hand panels) from transgenic mice inoculated with L-BSE from a single UK source. M9, M10: Tg110; M11, M12: Tg1896. Samples (approx. 100mg for Tg110 and 200mg for Tg1896) were divided into two replicates prior to PK treatment and processed and analysed in parallel, then data were combined to create the profiles. TE~max~: M9 = 1.8; M10 = 1.8, M11 = 3.4, M12 = 3.8.

(PDF)

###### 

Click here for additional data file.

###### L-BSE into sheep.

Absolute abundance N-TAAP (left-hand side) and tryptic peptide profiles (right hand side) from sheep inoculated with the same L-BSE source as used in the bovine experimental transmissions, as described in \[[@pone.0206505.ref019]\]. (A) animal ID 456/11 ALRQ/VRQ, (B) 140/11, ALRQ/VRQ (C) 267/11 VRQ/VRQ (Dorset males) and (D) 457/11 AFRQ/AFRQ (Cheviot). T11+ denotes the summed contributions of T11, T11-12 and T11-13. T12 L141 denotes the T12 variant containing the L141 allele; T12 F141 denotes the T12 variant containing the F141 allele. Samples (approx. 350 mg) were divided into two replicates prior to PK treatment and processed and analysed in parallel, then data combined to create the profiles. TE~max~ = 7mg for each profile.

(PDF)

###### 

Click here for additional data file.

###### 

(A, B) N-TAAP and tryptic peptide chromatograms of C-BSE in a TgEM16 mouse (M13). (C, D) N-TAAP and tryptic peptide chromatograms of H-BSE in a TgEM16 mouse (M15). (E, F) N-TAAP and tryptic peptide chromatograms of L-BSE in a TgEM16 mouse (M17). (G, H) N-TAAP and tryptic peptide chromatograms of L-BSE in an ARQ/VRQ sheep (267/11). (I, J) N-TAAP and tryptic peptide chromatograms of C-BSE in an AHQ/AHQ sheep (822/05). (K, L) N-TAAP and tryptic peptide chromatograms from CH1641 scrapie in an AHQ/AHQ sheep (851/05).

(PDF)

###### 

Click here for additional data file.

###### Bovine and ovine PrP tryptic peptides and how these have been included in the assays and in plots.

Amino acid residues in **bold**: bovine/ovine interspecies polymorphisms; [underlined]{.ul}: ovine intraspecies polymorphisms. pE denotes a pyroglutamyl N-terminal amino acid residue. C^ep^ denotes the ethylpyridyl alkylated product of cysteine; N\* indicates an N-glycosylation site.

(PDF)

###### 

Click here for additional data file.

###### Bovine and ovine PrP semi-tryptic peptides used for N-terminal amino acid profiling.

The semi-tryptic peptides are the product of N-terminal cleavage by PK of tryptic peptide T7-T9, a sequence which includes two KP missed cleavages. Amino acid residues in bold: bovine/ovine interspecies polymorphisms. pE denotes a pyroglutamyl N-terminal amino acid residue.

(PDF)

###### 

Click here for additional data file.

###### Average (av) molecular mass, precursor and product ions used in assay, and limits of detection (LoDs) and lower limits of quantification (LoQs) for bovine PrP peptides included in the assay.

The LoD was defined as the concentration above which peptides could be detected with a signal-to-noise ratio larger than 3. The LlOQ was defined as the concentration above which the mean concentration determined for three QC standards was within 20% of the expected concentration. ND = not determined (returned values were outside required range). The equivalent values for ovine peptides have been published previously \[[@pone.0206505.ref035]\].

(PDF)

###### 

Click here for additional data file.

###### P-values for two-tailed t-test for significant differences between glycoforms ratios.

**Bold**: significant difference (P\< 0.05), ***Bold italic*** (P\<0.01). Outlined areas as referred to in text.

    Table A: P-values for differences between BSE types: T16/T18

    Table B: P-values for differences between BSE types: T16/T20

    Table C: P-values for differences between BSE types: T18/T20

(PDF)

###### 

Click here for additional data file.

###### Data underlying Figs [2](#pone.0206505.g002){ref-type="fig"}--[7](#pone.0206505.g007){ref-type="fig"} (Graphpad Prism format).

(ZIP)

###### 

Click here for additional data file.

###### Data underlying [Fig 8](#pone.0206505.g008){ref-type="fig"} (Graphpad Prism format).

(ZIP)

###### 

Click here for additional data file.

###### Data underlying [S3](#pone.0206505.s003){ref-type="supplementary-material"}--[S8](#pone.0206505.s008){ref-type="supplementary-material"} Figs (Graphpad Prism format).

(ZIP)

###### 

Click here for additional data file.
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